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abstract 

The trend in energy storage is toward systems with 
high~voltage and high-power outputs. These conditions 
accentuate the cumulative effects of small differences 
in charcteristic s from cell to cell in any large irjlti- 
cell battery. These considerations ate of particular 
concern with a number of the emerging electrochemical 
concepts where convenient overcharge reactions do not 
exist. The use of interactive computer graphics is 
suggested as an aid in battery system development. 
Mathematical representations of simplistic but fully 
representative functions of many electrochemical con- 
cepts of current practical interest will permit bat'* 
tery-level charge and discharge phenomena to be ana- 
lysed in a qualitative sianner prior to the assembly and 
testing of actual hardware. This technique will be a 
useful addition to the variety of tools available to 
the battery system designer as he bridges the gap be- 
tween interesting single-cell life test data and relia- 
ble energy storage subsystems. 

INTRODUCTION 

Synthetic battery cycling is intended to be an aid 
in developing advanced battery systems as well as in 
evaluating single-cell electrochemical concepts at any 
stage of their development. It is built around the use 
of mathematical representations of very elementary 
electrochemical principles. It is not intended to be a 
cell or battery modeling technique. 

This technique takes advantage of cosiputer solu- 
tions to simplistic but fully representative charge and 
discharge functions of electrodes, cells, batteries, 
and finally battery systems trtiere charge control, power 
processing, etc., are taken into account. Coupling 
this with real-time graphical simulations of the cell 
capacity, the balance of capacity between the anode and 
cathode, and the temporary and permanent loss of capa- 
city due to aging phenomena and charging inefficiencies 
as a function of the number of simulated cycles will 
provide the required insight into and recognition of 
the problems that are present at the battery and system 
levels that may not be present at the single-cell level. 

The rechargeable batteries that have found wide 
acceptance in applications in and out of the aerospace 
field are based on the lead-acid and nickel-cadmium 
systems. This acceptance stems from the fact chat 
these cells, when connected together into a battery, 
perform for satisfactory lengths of time. For the most 
part this service duration is limited by the morpholo- 
gical wear-out of the mechanical features of the cells 
and not deterioration of the electrochemical features 
of the cells. The somewhat unique characteristics of 
these two systems permit them to be maintained in what 
might be called an electrochemically balanced condi- 
tion. When ill electrochemical balance a cell has its 
maximum capacity per unit of weight. Because of slight 
differences in the charging i>fficiency of the anode and 
cathode material within a cell, there is a gradual de- 
parture from the degree of electrochemical balance that 


existed at the beginning of life. If uncorrected, this 
would result in a gradual loss of capacity at the 
single-cell level or a gradual divergence of cell capa- 
cities at the battery level, where this difference in 
efficiency varies in a random manner from cell to 
cell. These types of problems are of no particular 
Concern in Che two aforementioned battery types since a 
simple overcharge each cycle or an occasional equalisa- 
tion charge restores this electrochemical balance at 
the cell level. 

Not all cell concepts can be restored to electro- 
chemical balance by this type of procedure. The bat- 
tery-level restoration of balance would represent an 
even more difficult situation. Various battery-level 
and single-cell- level charge control techniques can be 
envisioned that would circumvent the loss of useful 
capacity at the battery level that results from these 
problems. This situation can be viewed from the oppo- 
site direction as well; chat is, what single-cell char- 
acteristics would be required to give a certain overall 
battery capacity loss rate? 

Synthetic battery cycling should be helpful in 
three different but interrelated aspects of battery 
system development: 

(1) identification of the possible shortcomings of 
certain electrochemical storage systems that 
are being considered for development on the 
basis of their very attractive single-cell 
performance characteristics 

(2) Identification of possible battery charge 
control techniques that may prove useful in 
circumventing the shortcomings of certain 
single-cell concepts 

(3) Identification of the most significant areas 
of research at the single-cell research and 
technology level that will have the greatest 
effect on the downstream battery-level problems 

The technique of synthetic battery cycling will, of 
course, be very inexpensive and rapid as compared with 
real hardware run in real time. The initial outputs of 
this technique are only intended to be qualitative and 
general in nature, but the trends should be helpful. 

With the aid of siuch real-time test data that has been 
gathered over tne years on cells and battery packs, a 
measure of quantitativeness can be added to this tech- 
nique as it applies to certain more fully characterized 
electrochemical systems. 

This report first describes in detail several im- 
portant cell, battery, and battery system concepts and 
features. The actual technique of synthetic battery 
cycling is then described and some examples given. 

BACKGROUND 

Over the past several decades a number of new 
electrochemical systems have received considerable de- 
velopmental attention. Furthensore, aerospace as well 
as terrestrial applications require not only higher 
energy density systems, but higher voltage assemblies 
of cells than is the current state of the art. The 
difficulties associated with the reliability of large 
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battery packs has in part resulted in Che rapid ener~ 
gence of what are referred to as fluid batteries, such 
as Che zinc-chlorine^, zinc-bromine^, and Che iron- 
chromium redox^ systems, where the cosanonality of reac- 
tive Mterial among the grouping of individual cells 
permits a degree of leveling out of slight differences 
between the indiuidual cells. As attractive as the 
fluid batteries appear for certain applications, they 
tend to be i'.ost attractive in oniltikolowatt or larger 
systems since in smaller systems the pumps and associa- 
ted controls reduce the system's overall efficiency. 
However, it should be obvious that with Che more tradi- 
tional cell and series-connected battery construction, 
wherein the reactive materials are placed into a con~ 
tainer and for Che most part sealed, the functionality 
of the grouping of such ceils is very s ch a function 
of the "weakest" of them. 

Of the electrochemical systems Chat have found 
acceptance in multicell arrangements are those based on 
some rather unique electrochemical features that are 
described later. Some of the newer electrochemical 
systems are presently undergoing testing and evaluation 
at the single-cell level. These systems have many at- 
tractive features in terms of energy density, power 
density, and potential for loti-cost production. These 
technologies are currently addressing the problems as- 
sociated with Che grouping of single cells into batter- 
ies with the required energy, power, and voltage. 

Some of these more advanced systems cannot be 
overcharged or overdischarged without suffering catas- 
trophic failure. Less spectacular, but nevertheless a 
problem for the battery design engineer, is the gradual 
divergence of capacities within a group of single cells 
that make up a battery pack. The scope of this topic 
can be appreciated with the help of Figure 1. Part (a) 
of that figure shows a single cell and a cycle control- 
ler. With this arrangement a wide variety of charge 
and discharge cycle regimes can be used in cycling the 
cell. Current control and/or voltage control tech- 
niques can be used, depending on the characteristics 
and constraints associated with the particular cell 
chemistry under study. Part (b) shows a generalized 
drawing of a battery string. Although there may be 
monitoring at the single-cell level to aid in the 
charge-discharge control logic, there is no mechanism 
by which individual cells can be switched into the 
string or out of the string. Part (c) is one of a num- 
ber of emerging circuit^ that are designed to be able 
to correct for Che divergence characteristics within 
groupings of cells. Of course, this system would re- 
quire more logic, parts, weight, and expense Chan Che 
system depicted in Figure Kb). Figure 1(a) does not 
represent a practical device for an energy storage sub- 
system, since it only permits some information to be 
gathered on the electrochemical and mechanical decay 
rates and mechanisms of particular constructional as- 
pects of experimental cells. 

TYPES OF REPRESENTATION TO BE USED 

The mathematical representation employed in this 
paper takes the form of a pair of bar graphs represent- 
ing the "capacity" of the single cell. When the reac- 
tive materials are in electrochemical balance, the 
state of charge of both the positive and negative elec- 
trodes will be the same. Figure 2 illustrates this 
representation. The double-ended arrow is set to indi- 
cate the same state of charge for both electrodes. 

Also illustrated is the situation where the active ma- 
terial in each electrode is in bslance. To "cycle" 
this very idealist cell, one need only move the dou- 
ble-ended arrow up and down in keeping with the am- 
pere-hour of charge and discharge that the cell experi- 
ences. If the anode and cathode efficiencies during 


charge and discharge were 100 percent, the cycle life 
of this cell would be infinite as long as the cell was 
cycled within its limits of capacity. These bars can 
be isade more informative when transformed into compu- 
ter-generated graphics. Later se'tions of the report 
outline how this technique can be uiade to simulate a 
number of actual single-cell characteristics. 

general single-cell phenomenon 

When cells are assembled with one or more ancdes 
and cathodes, they start out with a certain rated capa- 
city. As these cells are cycled, they gradually lose 
capacity. In some cases this is caused by the active 
material becoming out of balance electrochemical ly. 

That is, the balance of the positive and negative ma- 
terials gradually diverges. This divergence can be 
removed by using what are called rebalance techniques. 
However, siorpho logical phenomena gradually cause a more 
permanent loss of usable capacity. 

The situation where the reactants are out of bal- 
ance at the single-cell level can conveniently be il- 
lustrated for the case where both the electrodes are 
redox couples. This does not represent any practical 
single-cell concept, but from a computatinal standpoint 
it is convenient. When the two redox couples are in 
balance and present in the same ampere-hour capacities, 
a cell voltage of 1.30 volts under open-circuit condi- 
tions would be expected at 30 percent depth of dis- 
charge. By using simple Nernstian corrections a plot 
such as that shown in Figure 3 (curve A) can be genera- 
ted. As one of the redox couples becomes out of bal- 
ance with respect to the other, there is a loss of us- 
able capacity. 

What is meant by being 10 percent out of balance 
can be illustrated by Figure Here two redox half- 
cell relationships are plotted. One electrode is out 
of phase relative to the other by 10 percent in terms 
of the depth of discharge. Another way of stating this 
is to note that one electrode becomes fully charged 
while the other is only 90 percent fully charged. 

This loss of capacity results from the fact that, 
as the first of the two redox couples approaches full 
charge, its half-cell potential will increase very rap- 
idly and charging will cease. Likewise, during dis- 
charge as the first redox couple approaches full dis- 
charge, its half-cell potential will decrease very rap- 
idly and discharge will be terminated. Figure 3 illus- 
trates the case of being fully in balance (curve A) and 
the cases of being 10, 30, and 30 percent out of bal- 
ance (curves B, C, and D). The voltage-capacity curves 
are symmetrical about the point of 1.3 volts at 30 per- 
cent depth of discharge. The span in cell voltage over 
the range from the point where the first couple reaches 
98 percent of full charge to the point where the first 
couple is 98 percent fully discharged is about the 
same. The case of the redox couples being 100 percent 
out of bslance results in a point of 1.3 volts at 30 
percent depth of discharge with no available capacity. 
Out-of-balance conditions and the resultant loss of 
cell capacity occur to varying degrees in most of the 
electrochemical cells of practical interest. It is not 
the intent of this paper to list and quantize the side 
reactions that result in capacity loss at the cell lev- 
el, but only to illustrate in later sections of this 
report the effect of this type of capacity loss - first 
at the single-cell level and then at the battery level, 
where this phenomenon may well have a distribution from 
cell to cell, and finally at the battery system level, 
where attempts are made to circumvent or minimize cer- 
tain undesirable single-cell characteristics. 

Problems related to out-of-balance conditions need 
not lead to a permanent loss of usable capacity. By 
adjusting ‘ : charging conditions an "overcharge" can 


2 



be impressed on Che cell, and this causes Che electrode 
that has reached Che fully charged condition first to 
undergo a secondary electrochemical reaction. The 
electrode that ms in an undercharged condition can now 
be more fully charged, and under certain circumstances 
electrochemical balance between the two electrodes can 
be restored. This rebalance technique can be carried 
out each cycle by employing a recharge that ^.-uts a 
greater number of ampere-hours of capacity back into 
the cell than were withdrawn during the discharge por- 
tion of the cycle. Alternately, the rebalance proce- 
dure can be performed after a certain amount of imbal- 
ance has built up. The various cell technologies that 
employ these techniques have acquired their own termi- 
nology to describe these processes, and they will not 
be described in detail here. Note that these secondary 
reactions can present problems of their own. In non- 
vented cells the products of these secondary reactions 
must be made to recombine so as not to create a contin- 
uously divergent situation. In vented cells the pro- 
ducts of these secondary reactions (usually hydrogen 
and oxygen in Che case of aqueous electrolytes) simply 
are gradually lost from the cell and occasionally water 
must be added. Not all cells are as simple Co rebal- 
ance as others. In fact, some electrochemical systems 
cannot be rebalanced at all because of the disastrous 
consequences of an overcharge. The capacity loss due 
to an out-of-balance condition will be only a temporary 
loss if suitable rebalance techniques are available, or 
it may be permanent in the case where there is an ab- 
sence of suitable rebalance techniques. Permanent ca- 
pacity loss at the single-cell level can also result 
from a number of phenomena that are morphological in 
nature. To be sure, a cell operated at very high cur- 
rent densities reaches its cutoff voltage earlier, but 
the losses under discussios.'. here would include loss of 
active material and/or loss of crystallite surface area 
caused by the cumulative effects of many charge and 
discharge cycles. 

In summary then, the capacity losses that build up 
during the course of cycle tests can roughly be divided 
between those that are related to morphological phenom- 
ena and those that are related to electrochemical out- 
of-balance problems. These latter problems may or may 
not result in permanent capacity losses, depending on 
whether suitable rebalance techniques are available for 
the restoration of electrochemical balance. Note that 
a technique fully suitable at the single-cell level, 
such as a high-voltage cutoff, may not be of use at the 
battery level. For the most part, charge control tech- 
niques for the more advanced battery concepts must in- 
clude some form of single-cell monitoring and control. 

The charging techniques Chat have found acceptance 
at the single-cell level are varied depending on the 
electrochemical system. In general, cells that are at 
a low state of charge can be charged at a more rapid 
rate Chan chose chat are close to being fully charged. 
On the other hand, Che procedure used for terminating 
Che charge portion of a cycle are peculiar to the par- 
ticular system. Some cells have a distinctive rise in 
voltage at the end of charge, and thus a signal voltage 
is available to terminate the charge process. Other 
systems use an arbitrary cutoff voltage in order to 
minimise the charge inefficiencies since they increase 
rapidly as the state of charge increases. Still other 
systems use a cutoff voltage that will preclude any 
possibility of overcharge since no suitable overcharge 
reactions are available. 

The cutoff at the end of discharge is usually 
fixed by an ampere-hour withdrawal if only a partial 
discharge is carried out. Otherwise, a low-voltage 
cutoff is used that takes into account such things as 
rate of discharge, temperature, and the lowest permis- 
sible voltage level. The problems that can occur if 


the low-voltage cutoff is exceeded depend on the sys- 
tem. Although certain systems can be safely driven in 
reverse, others would suffer catastrophic failure. 

Although a spectrum of cell characteristics is 
available that covers all the electrochemical systems 
currently in various stages of development and although 
within any one system there are situations where over- 
charge is safe and others where overcharge is unsafe, 
for the sake of the suthematical representation to be 
developed in later sections, overcharge and overdis- 
charge will simply be assumed to be either permissible 
or nonpermissible. 

SINGLE-CEU. LEVEL EXAMPLE 

The preceding sections covering rebalance tech- 
niques, permanent capacity loss, etc., can now be in- 
corporated into the mathematical representations as 
Outlined earlier. This discussion is not intended to 
be either exhaustive or final. It is intended to stim- 
ulate chose in various technology areas to adapt this 
concept to their own particultr interest. At that time 
the framework used here, called a mathesiatical repre- 
sentation, will cake on more of the form of an electro- 
chemical model. The illustration presented earlier was 
for the case of purely hypothetical and perfect elec- 
trodes. The easiest phenomenon to introduce is that of 
ampere-hour efficiency. The capacity remaining in an 
electrode after a certain number of cycles can be very 
simply calculated once Che particulars of the cycle are 
known and Che charge and discharge efficiencies have 
been set. 

As an example, an electrode has 100 ampere-hours 
of usable capacity, a discharge efficiency of 100 per- 
cent, a charge efficiency of 99 percent, a 60-ampere- 
hour discharge, and a 60-ampere-hour charge. Since the 
charge efficiency is only 99 percent, 59.4 ampere-hours 
are replaced each cycle. The difference between the 60 
ampere-hours of capacity that is withdrawn each cycle 
and the 100 ampere-hours that is initially available 
gradually shrinks by a constant 0.6 ampere-hour each 
cycle. On the 67th cycle this reserve capacity will be 
exhausted and the electrode will undergo reversal. If 
the accocipanying electrode had an assigned ampere-hour 
efficiency of 100 percent, the double bar graph repre- 
sentation of this situation would appear as in Fig- 
ure 5, after 66 discharge and charge cycles. The 
"lost" capacity of the anode in the case in point is 
distributed between might be classed as permanent and 
temporary losses caused by the existence of a parallel 
electrochemical reaction that does not result in the 
charging of the active material. If the assumption is 
made that 1 percent of the 1 percent electrode ineffi- 
ciency represented a permanent loss, then the situation 
in Figure 5 would appear as in Figure 6. The capacity 
loss referred to as temporary is recoverable, provided 
the cathode can be safely overcharged in the amount of 
39.2 ampere-hours. Alternatively, if 0.594 ampere-hour 
of overcharge had been used each cycle, Che overall 
result would have been the same. Of course, with the 
use of a small overcharge each cycle, the cell would 
always have the maximum amount of reserve capacity. By 
assuming various values for the different parameters 
that are present, a wide variety of synthetic cell cy- 
cling tests can be carried out. The tedium of these 
simple algebraic exercises can be removed with the help 
of a small computer coupled to a color video cube where 
the computer-generated graphics are continually dis- 
played and updated as Che charge-discharge "cycles" are 
carried out. 

In this manner Che effects of certain assumptions 
and conditions can be quickly seen. It is left to Che 
reader to adapt these techniques Co his own interests. 
It should be noted, however, that the foregoing exam- 


pie, where there was an inefficiency of only 1 percent, 
led to capacity problena after only 66 cycles at the 
single-cell level. Future cell and battery require- 
ments are geared by cycle lives in the thousands or 
tens of thousands. This will necessitate either 
single-cell properties that ere currently not kno«m or, 
alternacively , addressing the energy storage portion of 
a device from a more system-oriented perspective. 

HULTICELL BATTER Y-LEVEL EXAMPLE 

In the preceding section single-cell synthetic 
cycling techniques were outlined. Although it is not 
required, the cycling was based on ampere-hour calcula- 
tions. Single cells are usually not cycled on this 
basis. Usually cycling regisies are devised that take 
advantage of some useful characteristic of the particu- 
lar system such as a cutoff voltage, a temperature 
change, or a pressure rise, besides being the most 
simple way of "cycling" cells, ampere-hour charging is 
also one of the most used methods for cycling complete 
battery packs. It is at the battery level where this 
technique becomes more than just an interesting exer- 
cise in computer graphics. It should be evident M. '., 
when a group of cells are electrically ccnnecte. ir 
series, the same current flows through each and every 
cell. The problems associated with bottery strings are 
in part related to the variation of parameters that 
exist within any group of single cells. Saiall differ- 
ences in the anode charge efficiency, cathode charge 
efficiency, rates of pennanent capacity loss, etc., 
result in the gradual spreading of the important cell 
property of state of charge. 

The rapid solution and simultaneous display of the 
results of the voluminous algebraic calculations that 
are possible with this technique allow the cumulative 
effects of phenomena that from cycle to cycle are in- 
significant to be seen in all their fullness as they 
develop. This technique is much like time-lapse photo- 
graphy in being able to speed up slow processes, but it 
has the added benefit of illustrating how these proces- 
ses, which take place at the single-cell level, have a 
significant effect at the multicell battery level. A 
simple illustration of this situation can be shown for 
a two-cell battery. The cathodes of both cells are 
assigned efficiencies of 100 percent; the anode of 
cell 1 is assigned an overall efficiency of 99.9 per- 
cent and the anode of 2, 99.5 percent. It is as- 

sumed that the cells cannot be safely overdischarged or 
overcharged. The matched electrodes (lOO Ah) start out 
in a balanced condition. A cushion of a 5-percent dis- 
charged reserve of material is left at the top of each 
electrode to preclude any possibility of overcharge, 
and a 60-ampere-hour discharge and charge is used as 
the cycle. Figure 7 shows the situation at the begin- 
ning of "life." 

Cell 1 dips into the 35-ampere-hour reserve capa- 
city by 0.06 ampere-hour each cycle; cell 2 dips into 
the reserve by 0.035 ampere-hour each cycle. After 
only 583 cycles the reserve in cell 1 is gone; Figure 8 
shows the situation at this point in the life cycling. 
Since the cells cannot be overcharged or overdis- 
charged, some alternatives in the cycling regime must 
be chosen or the battery will be destroyed on Che next 
cycle. If a suitable low-voltage cutoff sign is avail- 
able, the discharge can be terminated at the point 
where the depth of discharge of the anode of cell 1 
reaches 100 percent. From this point on there will be 
a gradual drop in usable capacity from Che original 60 
ampere-hours by ( 0. 06) ( 0. 999)" ampere-hour each suc- 
ceeding cycle, where n is the number of cycles beyond 
cycle 583. 

The two-cell battery can be expanded Co any size 
that may represent a practical number for a more real- 


istic application. Aerospace applications is Che past 
worked with 20- Co 30-cell strings of cells. Proposed 
electric vehicle applications and future aerospace ap- 
plications are heading toward voltages of 100 and 
above. As Che number of individual cells in a battery 
increases, the problems related to cell-to-cell differ- 
ences increase very rapidly. For this reason systems 
like nickel-cadmium, lead-acid, nickel-hydrogen, and 
nickel-iron, which under certain conditions can be 
overcharged and/or overdischarged and thus are amenable 
to capacity maintenance techniques, have found wide 
acceptance for use in battery packs. The concept of 
single-cell charge control and battery systems are in- 
troduced and illustrated in the following section. 

BATTERY SYSTEM-LEVEL EXAMPLE 

The cells to be investigated here are assumed to 
be intolerant to overcharge and overdischarge but to 
display a suitable end-of-charge and end-of-discharge 
signal voltage. A three-cell string is assumed to il- 
lustrate the principle although it does not represent 
any practical application. The battery charger is s« •. 
to charge at come fixed current schedule that may be 
flat, a ramp, a two level, or tihatever schedule is de- 
sired. The cells will have voltage monitors that will 
detect the signal voltage at the end of charge or dis- 
charge. A more practical number of "cells" in this 
hypothetical battery pack would permit the use of a 
suitable distribution for such items as ampere-hour 
efficiency, nominal cap:icity, and rate of permanent 
capacity loss. However, the general trends and princi- 
ples of the technique should be evident from the case 
presented here. The signal voltages are used to switch 
out the cells as they become fully charged or fully 
discharged. The processes of cell switching is rather 
important where large currents (10 to 100 A and 50 to 
200 V dc) are switched in high-voltage direct-current 
circuits. It should be obvious that the design shown 
in Figure 9 does not represent an inexpensive, light- 
weight solution to the problem. In this figure, all 
cells are shown in the circuit. As soon as Vj , 

V2, or V3 exceeds or drops below a present value the 
cell is switched out of the circuit, and adjustments 
are made in the power processor to compensate for the 
one less cell in the circuit. If the current can be 
iBomentarily brought essentially to zeio by electronic 
means, small relays can be used for the circuit rewir- 
ing. If this is not the case, large circuitbreaker 
equipment must be used. The 5-percent buffer used in 
the previous case is no longer needed since a "safe" 
cutoff signal is assumed. 

Table 1 lists the assumptions and condicia.is for 
"cycling" this battery system. In this example cells 2 
and 3 begin by cycling between 0 and 60 percent depth 
of discharge. The 60 percent cutoff is set by the con- 
trol electronics of the battery system (ampere-hour) 
and the 0 percent cutoff is set by a safe high-voltage 
cutoff. Cell 1 on the other hand will terminate its 
discharge at 60 percent depth of discharge, as the 
others, but will reach full charge as signaled by the 
high-voltage cutoff after only 99.99 percent of the 60 
ampere-hours of capacity has been replaced. The miss- 
ing 0.005 ampere-hour represents a permanent capacity 
loss since the cutoff voltage cannot be safely exceed- 
ed. On cycle 2 then, cell 1 cycles between 0.006 per- 
cent depth of discharge down to 60.006 percent and then 
back to 0.012 percent; another 0.006 ampere-hour is 
again lost. The battery system will maintain its abil- 
ity to supply 60 ampere-hours until the reserve capa- 
city (initially AO Ah) is used up at the rate of 0.006 
ampere-hour each cycle. This reserve is depleted 6666 
cycles later, and cell 1 now cycles between the upper 
and lower cut-off voltages and cells 2 and 3 will con- 
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tinue to cycle between 0 and 60 percent depth of dis- 
charge if the power-processing equipment c^n aiaintain 
proper power and voltage to the user loads under the 
condition of one cell being out at the tail end of the 
discharge. If not, these two cells will undergo pro- 
gressively shallower discharges until the resiaining 
capacity characteristics of cell 1 fall below some min- 
isMm acceptable value. Figure 10 depicts cell 1 in the 
wired-out condition. 

Thus far this technique has suggested itself as an 
aid in predicting cell and battery cycling characteris- 
tics based on certain assusicd cell parameters. And, in 
fact, a wide spectrum of cell parameters and their in- 
teractions can be evaluated in a short time. However, 
the problem can be worked in reverse also. Very often 
a particular application requires a certain cycle life 
at the battery level. By using this technique the re- 
quired single-cell characteristics or the single-cell 
charge control technique can be fixed prior to the ac- 
tual hardware development and testing. If this is pos- 
sible, much needless expense can be avoided during the 
development phases of the overall effort. 

CONCbUDlMG REMARKS 

The general topic of synthetic battery cycling has 
been introduced. It is meant to be a versatile tool in 
the very important field of battery system develop- 
ment. The differences between single cell, battery, 
and battery system considerations have been emphasised 
since they are very important in helping to judge the 
potential usefulness of various electrochemical con- 
cepts chat are under development. The development of 
this technique, whi..h will be built around the use of 
interactive computer graphics, has just begun. It is 
not currently viewed as a model of any particular sys- 
tem, although the reader may find this type of tech- 
nique useful for his particular area of interest and 
adapt these ideas and principles to a more specific 
sx>del rather Chan the general mathematical representa- 
tion presented here. Only the essence of the full 
utility of this technique was addressed in this brief 
report. Much has been left to the skill, imagination, 
and special areas of interest of the many groups of 
technologists that are currently pursuing the develop- 
ment of any number of new and different electrochemical 
systems. Only Che most simple cases were used as il- 
lustrations of the ways to use this general method. 
Besides Che utility that the technologist stay gain in 
addressing the most important developsiental problems, 
computer interactive graphics will also be very uroful 
in illustrating rather subtle aspects of battery-level 
electrochemical considerations to those that might be 
considered nonspecislists. 

When more fully developed, this method of cell, 
battery, and battery system analysis will be able Co 
simulate 

(1) Cell and battery state of charge (anode and 
cathode 

(2) Cell and battery capacity loss mechanisms 

(3) Cell and battery overcharge and reversal char- 
acteristics 

(4) Cell and battery rebalance and capacity main- 
tenance techniques 

(5) Single-cell control techniques used in battery 
systems during charge and discharge 

(6) Battery and battery system-level performance 
and life expectations for various distribu- 
tions of critical cell parameters 

This, of course, is only a partial list, and much is 
left to the reader to adapt synthetic battery cycling 
to his own particular needs. The parameters that will 
be varied as this siethod is further developed include 


(1) Anode and cathode charge and discharge effi- 
ciency 

(2) Relative active mass (capacity) of the anode 
and cathode 

(3) Depth of discharge 

(4) Percent of overcharge (if permissible) 

(5) Rate of pensanent capacity loss 

The resultant outputs then will be able to illus- 
trate in principle the following situations: 

(1) The cumulative effects of small cell-to-cell 
differences 

(2) Safe or unsafe overcharge conditions 

(3) Safe or unsafe overdischarge conditions 

(4) Rates of recoverable and nonrecoverable capa- 
city loss 

( 5) Reconditioning cycles and charge equalization 
cycles 

(6) The divergence of cell-to-cell capacities with- 
in a battery or battery system during the life 
of Che "test" article 

(7) The relative merits of various single-cell 
charge control techniques 

Note that these lists are more generic in nature than 
specific. The effects of various recombination rates, 
temperature rise, or pressure rise on overcharge; Che 
significance of “soft" shorts; and capacity-rate ef- 
fects are more specific to certain techhnologies and 
can, of course, be incorporated into synthetic battery 
cycling when Che mathematical representation is conver- 
ted into more of a model for nickel-cadmium, nickel- 
hydrogen, or lithium aluminum - metal sulfides batter- 
ies, or whatever is of interest. 
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TABLE 1. - ASSUMPTIONS AND CONDITIONS 

FOR THREE-CELL BATTERY PACK 

(Discharge cycle, 60 Ah or low-voltage cutoff; 
charge cycle, 60 Ah or high-voltage cutoff.] 



Cell 


1 

2 

3 

Cell capacity. Ah 

100 

100 

100 

Anode efficiency, percent 

99.99 

100 

100 

Cathode efficiency, percent 

100 

100 

100 

Electrode capacities. Ah 

100 

100 

100 
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VOLTAGE SENSING LEADS 


(c) Battery system test apparatus. 

Figure 1. - Simplistic diagrams for single-cell, battery string, and battery system test equipment 



CAPACITY CURRENTLY IN USE 
CAPACITY AS YET UNCYCLED 



ANODE CAIHODE 


ASSUMPTIONS 


CELL CAPACITY. Ah 100 

ANODE EFFICIENCY, percent .... 100 


CATHODE EFFICIENCY, percent ... 100 
ELECTRODE CAPACITIES . . . MATCHED 

CONDITIONS 

DISCHARGE. Ah (percent) . . . .50(50) 

CHARGE. Ah 50 

CYCLE NUMBER ANY CYCLE 


Figure 2. - Mathematical representation of a single cell. 















NERSTIAN CORRECTION. V CELL VOLTAGE. V 


CURVE 


A REACTANTS MATCHED AND FULLY BALANCED 



Figure 3L ■ Voltage as a function of depth -of-discharge characteristics of a cell at several 
degrees out of balance. 



Figure 4 * Out-of -balance half-cel) and resultant full-cell potential as a hjnction of depth-of 
discharge relationships. 



3 


RECOVERABLE CAPACITY LOSS 
CAPACITY CURRENTLY IN USE 
CAPACITY AS YET UNCYCLED 




9lb 

ANODE CATHODE 


ASSUMPTIONS 

CELL CAPACITY: Ah 100 

ANODE EFFICIENCY, percent 99 

CATHODE EFFICIENCY, percent .... 100 
ELECTRODE CAPACITIES . . . UN/VIATCHED 

CONDITIONS 

DISCHARGE. Ah 60 

CHARGE. Ah 60 

CYCLE NUMBER AFTER 66 DIS- 

CHARGES 


Figure 3. - Mathematical representation of a single cell illustrating development of 
out -of -balance situation. 
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NONRECOVERABLE CAPACITY LOSS 
RECOVERABLE CAPACITY LOSS 
CAPACITY CURRENTLY IN USE 
CAPACITY AS YET UNCYCLED 
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ASSUMPTIONS 

CELL CAPACITY. Ah 100 

ANODE EFFICIENCY, percent 99 

RECOVERABLE 98 

NONRECOVERABLE 1 

CATHODE EFFICIENCY, percent 100 

ELECTRODE CAPACITIES MATCHED 

CONDITIONS 

DISCHARGE, Ah 60 

CHARGE. Ah 60. 594 

CYCLE NUMBER AFTER 66 DIS- 

CHARGES 


Figure 6. - Mathematical representation of a single cell illustrating partial restoration of balance using a 
rebalance technique. 
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Figure 9. - Mathematical and schematic representation of a three-cell battery system featuring 
cells that may be switched in or out of the battery string. (Illustrated - all cells in; all cells 
at zero percent depth of discharge. > 
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Figure 10. - Mathematical and schematic representation of a three-cell battery system featuring 
cells that may be switched in or out of the battery string. (Illustrated - cell 1 switched out; 
6667 cycles. I 










